The NLC low rf linacs are heavily loaded by a beam of about 130 ns in macropulse length (90 bunches) and a current up to 2.75 Amps. Beam loading voltage generates a large energy spread along the bunch train. This energy spread is critical for lattice design and, if not properly compensated, induces emittance growth and in turn lowers the luminosity of the machine.
I. Introduction
The NLC complex has 7 S-band linacs and In addition, the beam loading is different in the acceleration and compressor linacs in terms of its phase relation relative to the rf voltage.
In the acceleration linacs, the beam loading voltage is 180°o ff while in the compressor linacs the beam loading voltage is 90°off since in such linacs the rf runs in phase quadrature with the beam to introduce a linear correlation between time and energy within each bunch.
Beam loading voltage in all these linacs generates a large energy spread along the bunch train. A rough estimation of the beam loading for a 2-A current in a typical S-band structure is about 2570 of the acceleration.
This energy spread is critical for lattice design and, if not properly compensated, induces emittance growth and in turn lowers the luminosity of the machine. The NLC design can tolerate a energy spread of less than O.2% before the beams enter the damping rings. It is necessary to compensate the beam loading effect in order to operate the machine in a multi-bunch mode.
The pulse length of the bunch train in these accelerators is much shorter than the reasonable filling times of the structures which are in turn shorter than the ringing time, 2Q/w, for the structure.
In this situation, the energy of the beam will drop approximately linearly with time during the pulse as a result of beam loading. For this case there are two natural choices for beam loading compensation:
1) AT (early injection and amplitude modulation), i.e., inject the beam before the structure is full and modulate the amplitude of the input power to change the slope of the acceleration;
2) AF, i.e., having one or more accelerator structures running at a frequency 1 to 2 MHz above or below the nominal frequency and roughly in phase quadrature from the accelerating phase. Thus the beginning of the pulse can be decelerated by the off frequency section(s), while the end of the pulse is accelerated.
In this paper, we will study the AF and AT compensation techniques for SLED-I driven accelerator structures.
We will discuss the advantages and disadvantages of these methods, and apply them to the NLC low rf linacs. To reduce the length of this paper, we will not cover the details of beam loading compensations for each of the low rf linacs. Instead, we will present some typical examples to demonstrate the efficacy of these methods.
Finally, we present a hybrid approach using AT+ AF for power saving.
II. SLED-I pulse compression and beam loading
The low frequency linacs of the NLC will be powered with SLED-I pulse compression [2] systems, Fig. 2 .1. The SLED-I contains a low power supply, a modulator, a klystron, and two resonant cavities. A part of the klystron power is used to build up rf fields inside the cavities. The rest of the klystron power is reflected from the waveguide/cavity interface. As a consequence of the 7r/2 phase-shift imparted to waves crossing the coupler slot, all of this power is transmitted to the accelerator. Energy stored in the cavities re-radiates an rf wave which travels to the accelerator exactly out of phase with the transmitted klystron wave. At time t when the phase of the klystron is reversed, the emitted and transmitted waves add, producing a surge of high power into the accelerator. These process can be described by the following equations is shown a result of SLED-I pulse compression for a S-band structure.
The acceleration volt-
is dominantly contributed by the compressed pulse within 0-840 ns.
Charged bunches, when passing through the structure, generate wakefields that decelerates the subsequent bunches. For a constant gra- Gaussian detuned accelerating structure for the NLC is very close to a constant gradient structure. In this paper, we use Eqs. 2.6 and 2.7 to estimate the beam loading of the NLC structures.
III. A&' compensation
To illustrate the principle of AF compensation, the voltage gain Vco~P(t) of a beam with an F. bunch structure in a AF compensation section operating at a frequency F. + AF is plotted in Fig. 3 .3. The beam is bunched with a bunch repetition frequency of 714 MHz, a subharmonic of the accelerator frequency F.. In an accelerator section powered by rf at a frequency F. + AF, the bunches see a field which appears to vary with the difference frequency AF as shown in given beam loading voltage is proportional to l/AF', and the power for the compensation section is proportional to l/AF2. In order to save power, it is preferable to use a large AF.
However, the residual energy spread after AF compensation is proportional to AF2, assuming linear beam loading voltage within the beam time, which prefers a small AF. The AF should also be a subharmonic of the nominal operating frequency (11.424 GHz) as this simplifies the trigger system. For the S-band linacs, we have chosen a AF to be around 1.4 MHz. With this AF, the phase spread of the bunch train in the AF section is about 60°. The maximum compensable beam loading voltage in this case is equal to the maximum acceleration of the AF section.
The elastance of the structure. defined as (3.8) with Ea the maximum energy gain, W the stored energy in the structure, r the shunt impedance, also plays an important role in the power require- The ratio~/Vk is proportional to the square root of elastance. With large s, one gets a large Vb/Vk, which means more power for the compensation sections in order to obtain the same loaded energy gain.
With AF compensation, one is free to chose the filling time of the structure. For the NLC design, the S-band linac structure is chosen to be like the SLC 3-m structure with a filling time For an accelerator composed of many modules, the residual energy spreads of these modules are correlated.
The relative energy spread at the end of the linac will just be the same as obtained for a single module except when the initial energy E. of the beam is non-zero.
In which case, the relative energy spread becomes AE/ (Eg.i. +Eo/N) , with N the number of modules in a linac. Taking O.2% as the upper limit for the energy spread, the maximum compensable beam current for s = 75 Mf2/m. ps is 1.9-A, below the required maximum current of 2.2-A. By lowering the elastance to 50 Mf2/m.,us and keeping the filling time the same (by changing the disk thickness), the beam loading ratio is reduced and the maximum compensable beam current is up to 2.3-A, shown in solid line in The results shown in Fig. 3 .4 is the energy spread at the end of the module. Within each module, with the AF section in the middle, the beam energy spread reaches half of the compensation voltage of a single off-frequency section. The compensation section then over corrects by a factor of two which reverses correlation of energy with time during the pulse. The energy spread at some locations along the linac can be very large, and are important at the low energy end of the linac. In order to maintain a small enough energy spread to achieve an acceptable emittance growth it appears necessary to distribute the power from one klystron running off frequency to a number of short accelerator sections, so that each correction is acceptably small.
It appears to us that the high power microwave distribution system to many short AF compensation sections becomes unreasonably complicated and expensive.
The non-localness of the compensation is a principal disadvantage of the AF scheme.
IV. AT compensation
The way AT compensation works is shown in Fig. 4 by modulating the amplitude of its input. Since phase modulation of the klystron is easier and faster than amplitude modulation, two klystrons phase-modulating at opposite directions will be used to obtain a amplitude modulated input for the SLED. The klystrons will run at saturation all the time which is more stable than operating at low power.
The advantage of AT compensation is that the compensation occurs in every accelerator section, so that the energy spectrum can be good through out the linac, thus minimizing emittance growth from dispersion and chromatic effects. In addition, the amplitude modulations in different modules of an accelerator is independent and the residual energy spread can be made random among these modules.
At the end of the accelerator, the relative energy spread will be I/@ times of the single module energy spread.
Among the S-band linacs for the NLC, the prelinacs account for more than 50% of the total length. In order to save power, we have chosen a filling time of 371 ns for the S-band structure, which is close to a optimal for the prelinacs operating in phase-II (1=1.5-A). To compensate beam Figure. 4.6. SLED-I wave forms for compensating 1, 1.5, and 2.2-A beam currents using AT compensation scheme. Power saved in AF 0.27 0.07 0.29 currents at 1.0 and 2.2-A, the amplitude of the SLED-I output need to be modulated to obtain the desired acceleration slopes. Fig.4 .6 shows the SLED-I wave forms for compensating beam currents of 1.0, 1.5, and 2.2-A. Except for the 1.5-A beam current, strong amplitude modulations are needed for compensating 1-and 2.2-A beam currents because they generate different beam loadings.
Amplitude modulations for 1-and 2-A currents reduce the total energy of the SLED pulse, which in turn results in lower efficiency for these currents.
It is instructive to compare the efficiency of AT and AF compensation schemes. Table 4 .1 shows the ratio of the power needed in AT and AF sections for the same energy gain. For 1 and 2.2-A beam currents, using AF scheme can save up to 30% of power. For 1.5-A beam current, AT and AF compensation requires almost the same amount of power.
V. AT compensation for compressors
In the compressors (bunch length and energy), the bunches are 90°off the acceleration crest. The slope of the acceleration voltage generates a linear energy correlation along the bunch needed for bunch length or energy compression. Beam loading compensation for the using AT and phase modulation.
The compression voltage, defined as the amplitude of the acceleration voltage, is unloaded by the beam and is in general non-uniform along the bunch train for SLED-I driven structures.
In addition to the beam loading compensation, one also need to produce a uniform compression volt age (Vc) along the bunch.
A AVC < 5'%0is considered acceptable.
The uniform compression will be obtained by AT amplitude modulation.
The beam loading in the compressors is 90°off the rf voltage.
Simple AT compensation method does not provide any beam loading compensation.
To obtain an in-phase component voltage to the beam loading voltage, a phase offset A#(t) is introduced during the beam time. This phase offset projects a portion of the acceleration voltage onto the axis of the beam loading volt age as shown in Fig. 5 .7. The effect of this phase offset is to shift the rf phase of the bunches toward the acceleration crest so that the later bunches will be accelerated by the klystron power.
Phase offset Ad(t) can be obtained by phase modulating the two klystrons in the same direction. The AF due to phase modulation shown in Fig. 5 .8 is about 3 MHz. Since the structure is designed to operate at the nominal frequency, the frequency offset causes a phase slippage between the particle and the fields. Consider that the phase modulation is turned on only during the last one third of the filling time and the power is in the high group velocity end of the structure, the effect of phase slippage due to AF is small. Our numerical simulation assumes no slippage in the structure, which we believe is a reasonable approximation.
VI. Power saving by using a AT+ AF approach
As discussed in the previous sections, the AT compensation is less efficient as compared with the AF compensation.
The reason here is mainly due to the amplitude modulation of the SLED-I output. For the 1-A current case, for example, one has to reduce the power at the end of the SLED-I pulse in order to reduce the slope of the acceleration voltage. One can gain some efficiency by increasing the filling time of the structure for the low current case. At higher current, e.g. the 2.2-A current case, the natural slope of the acceleration voltage is not enough to compensate the beam loading even with very short filling time. Further more, shortening the filling time would also reduce the loaded energy gain thus reduces the efficiency. For such cases, we can optimize the structure to compensate beam loading at a lower current, and use a AF section to compensate the extra beam loading for high currents.
With this in mind, we want to optimize the beam loading compensation using a combined AT + AF method.
The main S-band linacs for the NLC can be grouped into two groups based on the beam The current distribution in the major S-band linacs is the following: the e-booster linac operates at 1.5 and 2.2-A in phase-I and phase-II respectively; the prelinacs operate at 1.0 and 1.5-A in phase-I and II respectively, the ey drive linac operate at 1.5-A for both phase-I and II. To optimize the power requirement, we will use two different S-band structures with filling time optimized for phase-I operation for the booster linac and the prelinacs respectively. In phase-II operation, the extra beam loading due to the increment of beam current will be compensated by using AF sections. The e+ drive linac will have the same design as the prelinacs and will operate with phase-II mode. With the hybrid beam loading compensation scheme for phase-II operation, the AF sections only need to compensate one third of the total beam loading. Non-localness due to the AF method will be less a problem. To avoid extra beam loading, the space for the AF sections will be left as drift spaces in phase-I. By using the hybrid approach, more than 30'%0 of power can be saved in both phase-I and phase-II operations for the prelinacs.
VII. Summary
In this paper, we have studied both AT and AF beam loading compensations for SLED-I driven disk-loaded waveguide structures. A detailed beam loading study has be done for each low frequency linacs of the NLC. It has been shown that with AT compensation method can provide very good energy spectrum through out the whole accelerator linacs. A hybrid approach using AT + AF method has been demonstrated effective for saving klystron power.
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